In vitro data show that the adenomatous polyposis coli (APC) protein associates with the mitotic spindle and that mouse embryonic stem cells with biallelic Apc mutations are karyotypically unstable. These findings led to suggestions that APC acts in chromosomal segregation and that APC inactivation leads to chromosomal instability (CIN). An alternative hypothesis based on allelic loss studies in colorectal adenomas proposes that CIN precedes and contributes to genetic changes at APC. We determined whether colorectal adenomas with two mutations at APC show features consistent with these models by studying 55 lesions (average size 5 mm; range 1-13 mm) from patients with familial adenomatous polyposis. A variety of methods was used depending on available material, including flow cytometry, comparative genomic hybridization, and loss of heterozygosity (LOH) analysis. Selected adenomas were assessed for proliferative activity by Ki-67 immunocytochemistry. Seventeen of 20 (85%) tumors were diploid, two were near-diploid, and one was hypotetraploid. Just one (near-diploid) tumor showed increased proliferative activity. LOH was found occasionally on chromosome 15q (2 of 49 tumors), but not on chromosome 18q (0 of 48). In 20 adenomas, LOH at APC was associated with loss at 5q but not 5p markers, with the former encompassing a minimum of 20 Mb. However, three of these lesions analyzed by comparative genomic hybridization displayed normal profiles, suggesting, together with other data, that the mechanism of LOH at APC is probably somatic recombination. Our results therefore do not support the hypothesis that CIN precedes APC mutations in tumorigenesis. Regarding the model in which APC mutations lead directly to CIN, if APC mutations do have this effect in vivo, it must be subtle. Alternatively, CIN associated with APC mutations might be essentially an in vitro phenomenon.
In vitro data show that the adenomatous polyposis coli (APC) protein associates with the mitotic spindle and that mouse embryonic stem cells with biallelic Apc mutations are karyotypically unstable. These findings led to suggestions that APC acts in chromosomal segregation and that APC inactivation leads to chromosomal instability (CIN). An alternative hypothesis based on allelic loss studies in colorectal adenomas proposes that CIN precedes and contributes to genetic changes at APC. We determined whether colorectal adenomas with two mutations at APC show features consistent with these models by studying 55 lesions (average size 5 mm; range 1-13 mm) from patients with familial adenomatous polyposis. A variety of methods was used depending on available material, including flow cytometry, comparative genomic hybridization, and loss of heterozygosity (LOH) analysis. Selected adenomas were assessed for proliferative activity by Ki-67 immunocytochemistry. Seventeen of 20 (85%) tumors were diploid, two were near-diploid, and one was hypotetraploid. Just one (near-diploid) tumor showed increased proliferative activity. LOH was found occasionally on chromosome 15q (2 of 49 tumors), but not on chromosome 18q (0 of 48). In 20 adenomas, LOH at APC was associated with loss at 5q but not 5p markers, with the former encompassing a minimum of 20 Mb. However, three of these lesions analyzed by comparative genomic hybridization displayed normal profiles, suggesting, together with other data, that the mechanism of LOH at APC is probably somatic recombination. Our results therefore do not support the hypothesis that CIN precedes APC mutations in tumorigenesis. Regarding the model in which APC mutations lead directly to CIN, if APC mutations do have this effect in vivo, it must be subtle. Alternatively, CIN associated with APC mutations might be essentially an in vitro phenomenon. M ost colorectal cancers, many sporadic adenomas, and all polyps in familial adenomatous polyposis (FAP) carry mutations in the adenomatous polyposis coli (APC) gene. APC encodes a 2,843-aa protein that is involved in several cellular processes, including the regulation of ␤-catenin, and that includes domains for binding to microtubules (reviewed in refs. 1 and 2). Disease-associated APC mutations fully or partially inactivate APC function, almost always by producing a truncated or absent protein (3) (4) (5) . Truncated proteins are usually disrupted within their ␤-catenin binding͞degradation domains and almost invariably lack the microtubule-binding sites, which are located at the C-terminal region of the molecule (6 -10) .
It is generally believed that APC mutations are selected, at least in part, for their effects on ␤-catenin levels (11) (12) (13) (14) (15) : mutant APC cannot degrade ␤-catenin, leading to constitutive activation of the Wnt signaling pathway and to direct expansion of the mutant clone. The evidence that this effect of APC is critical has been derived from several sources, one being that colorectal tumors without APC mutations sometimes harbor mutations of ␤-catenin that prevent protein destruction and thus have effects similar to mutation of APC (16) (17) (18) . It is unlikely, however, that inactivating APC mutations and activating ␤-catenin mutations are functionally identical, given, for example, that the former seem to be associated with a higher probability of progression from colorectal adenoma to carcinoma (19) . Several groups have suggested, therefore, that loss of C-terminal APC functions provides a selective advantage additional to that which arises from constitutive Wnt signaling (20) (21) (22) (23) (24) .
Fodde et al. (23) and Kaplan et al. (24) independently reported that APC may have a role in chromosomal segregation. Both groups studied mouse embryonic stem (ES) cells homozygous for a truncating Apc mutation (Min ES cells) and detected a marked increase in numerical and structural chromosome aberrations, as well as disorganized spindle microtubules. During mitosis, wild-type APC was found to be localized along kinetochore microtubules and at their ends adjacent to kinetochores. Together, these observations led the authors to suggest a new role for APC in kinetochore microtubule-chromosome attachment and therefore chromosome segregation, with mutations in Apc disrupting this function and resulting in chromosomal (or karyotypic) instability (CIN). In this way, APC mutations may be selected not only directly-through their effects on the Wnt pathway-but also indirectly, through the hypermutation which they engender in the form of CIN.
Shih et al. (25) analyzed 32 sporadic colorectal adenomas for loss of heterozygosity (LOH) by using digital single nucleotide polymorphism PCR and found relatively high frequencies of LOH on chromosomes 5q (55%), 1p (10%), 8p (19%), 15q (28%), and 18q (28%). Although digital SNP-PCR may provide some increase in sensitivity over microsatellite-based methods, owing to its use of confidence interval thresholds for scoring LOH, in reality most tumors with LOH in Shih et al.'s study (25) showed one of the SNP alleles to be at a frequency of 66% or more. This finding is equivalent to an allelic ratio of 2:1, the usual threshold for scoring LOH by using microsatellites. Most cases of LOH detectable by using digital SNP-PCR should, therefore, also be detectable by using microsatellite-based LOH. Although several explanations for their findings were discussed, Shih et al.'s (25) preferred interpretation of their data was that karyotypic instability occurred early in colorectal tumorigenesis, preceding and leading to APC mutations.
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Evidently, the findings of Fodde et al. (23) and Kaplan et al. (24) using in vitro methods may not apply in vivo, and Shih et al. (25) made no direct assessment of chromosomal-scale changes in their tumors. We have, therefore, studied a set of 55 colorectal adenomas (average size ϭ 5 mm; range ϭ 1-13 mm) from 18 FAP patients with a variety of germ-line mutations and characterized second hits at APC. Using a variety of analytical methods [flow cytometry (FCM), LOH analysis, and comparative genomic hybridization (CGH)], we searched for evidence of aneuploidy and polyploidy in these tumors. In addition, Ki-67 immunocytochemistry was used to assess the proliferative activity in a subset of these lesions. To elucidate the molecular mechanism underlying allelic loss at APC, the extent of LOH on chromosome 5 was determined in 20 adenomas.
Patients and Methods
Study Population. This study examined 55 colorectal adenomas and four normal biopsies from 18 patients diagnosed with FAP and with a known germ-line APC mutation. All tumors were tubular adenomas with mild dysplasia (average size ϭ 5 mm; range ϭ 1-13 mm) that had either been fresh-frozen at colectomy (n ϭ 47) or fixed in formalin and embedded in paraffin (n ϭ 8). A minimum of 60% neoplastic material was present in each biopsy as assessed by the analysis of hematoxylin and eosin-stained sections. The second hit at APC had been determined in all lesions by using standard mutation detection techniques [single-strand conformation polymorphism (SSCP) analysis, DNA sequencing] and LOH analysis at microsatellite markers close to the APC locus (D5S346, D5S656, and D5S421). Details of the colorectal adenomas are summarized in Table 1 .
FCM and Ki-67 Immunocytochemistry. Multiparameter FCM was performed on 4 paraffin-embedded and 16 fresh-frozen tumors, as well as 2 respective normal biopsies. All fresh-frozen tissue was simultaneously assayed for expression of the Ki-67 antigen by using FITC-labeled monoclonal mouse antibody (Dako). The appropriate FITC-labeled mouse IgG1 antibody (Dako) was used as isotype control. In brief, a small piece (about 4 mm 3 ) of fresh-frozen tissue was disaggregated into a cellular suspension by using the Dako Medimachine System. Cells were fixed in 70% ethanol for 40 min at 4°C, washed twice in PBS, 0.5% Tween 20 (pH 7.2), and resuspended in 80 l of PBS, 0.5% Tween 20, 0.5% BSA (pH 7.2). Incubation with 20 l of antibody was performed for 30 min at 4°C. Cells were washed twice in PBS, 0.5% Tween 20, 0.5% BSA (pH 7.2), treated with 100 g͞ml RNase, and stained with 50 g͞ml propidium iodide (PI). The suspension was filtered through a 70-m nylon filter and immediately analyzed on a FACSCalibur (Becton Dickinson). Cells were excited by the argon laser emitting at 488 nm. Fluorescence from FITC-labeled antibodies was detected by using a 530͞30-nm band pass filter, and PI f luorescence was detected by using a 670-nm long pass filter. Forward and right angle light scatter were used to set a gate including all cells, but excluding debris. A second gate set on area and width of PI f luorescence was used to further define the single cell population. Both FITC and PI f luorescence were collected in linear mode, and acquisition was stopped after 8,000 gated events had been acquired. Data were analyzed for proliferative activity (percentage of Ki-67-positive cells normalized against the isotype control) and aneuploidy [DNA index (DI)] by using dedicated MODFIT software (Verity Software House, Topsham, ME). The DNA diploid peak was set by using the two normal samples. Paraffin-embedded tissue was prepared for analysis by cutting a 50-m section from each block, placing it into a histopathology cassette between two sheets of Whatman 3MM filter paper, and dewaxing it in xylene overnight. The section was rehydrated in an ethanol series and rinsed twice in water. The tissue was digested in 0.4% pepsin for 30 min at 37°C, and the digestion was stopped in 0.2% glycine, 2ϫ PBS (pH 7.2). Cells were washed twice in PBS (pH 7.2) before FCM analysis.
LOH (Allelic Loss) Analysis. LOH analysis was performed at microsatellite markers on chromosome 15q (D15S995 and D15S1007; close to the CRAC1 locus) and chromosome 18q (D18S46 and D18S470; close to the SMAD4͞MADH4 locus). In 20 adenomas with LOH as the second hit at APC, the extent of allelic loss on chromosome 5 was determined by using six microsatellite markers (D5S2845, 5p14.3; D5S1470, 5p13.3; D5S82, 5q21.3; D5S489, 5q22.3; D5S2117, 5q31.1; and D5S1456, 5q35.1). Standard methods of fluorescence-based genotyping were used on the ABI377 (Applied Biosystems) semiautomated sequencer. Allelic loss was scored if the area under one allelic peak in the tumor was reduced by 50% or more relative to the other allele, after correcting for the relative peak areas by using normal DNA.
CGH. CGH was performed on five fresh-frozen tumors containing at least 60% neoplastic material, as described (26) . Brief ly, 50 -100 ng of tumor and reference DNA were amplified by degenerate oligonucleotide-primed PCR (DOP-PCR) and f luorescently labeled by nick translation (27) . Labeled tumor and normal DNA were precipitated in the presence of 50 g Cot1 DNA (Life Technologies, Grand Island, NY) and dissolved in hybridization buffer (50% formamide͞10% dextran sulfate͞2ϫ SSC). The mixture was denatured at 75°C for 5 min, left to preanneal for 30 min, and applied to denatured metaphase spreads (Vysis, Downers Grove, IL) prepared from normal male peripheral blood lymphocytes. The metaphase spreads were denatured in 70% formamide, 2ϫ SSC at 73°C and dehydrated in an ethanol series. Slides were left to hybridize for 2-3 days at 37°C, then washed in 50% formamide, 2ϫ SSC, followed by a wash in 2ϫ SSC. After air drying, the slides were counterstained with 4,6-diamino-2-phenylindole (DAPI). Images were captured with a charge-coupled device (CCD) camera attached to a Zeiss axioskop microscope and analyzed by using QUIPS (Vysis, Downers Grove, IL) software. Between 5 to 10 metaphases were analyzed for each tumor. Negative control hybridizations were included in each batch of experiments. A chromosomal region was considered to be lost or gained if the mean hybridization ratio between tumor and normal DNA was Ͻ0.85:1 or Ͼ1.15:1, respectively (26) .
Results
A total of 55 colorectal adenomas with two characterized mutational hits at APC was analyzed for CIN. A variety of techniques was used, depending on the amount and type of material available. Where possible, the proliferative activity of these lesions was also assessed.
Four paraffin-embedded and 16 fresh-frozen tumors were analyzed for aneuploidy͞polyploidy by multiparameter FCM ( Table 2 ). Three of 20 (15%) adenomas contained subpopulations of cells displaying changes in ploidy, with two being near-diploid (DI ϭ 1.2 and DI ϭ 0.8) and one being hypotetraploid (DI ϭ 1.8) (Fig. 1) . In addition, Ki-67 immunocytochemistry was performed on all fresh-frozen lesions, as well as two normal biopsies, to assess their proliferative activity (percentage of Ki-67-positive cells). No apparent difference in the proportion of Ki-67-expressing cells was observed between diploid tumors and normal colonic tissue. However, one of the two aneuploid polyps studied displayed an increase in the proportion of Ki-67-expressing cells (53.1%), as compared with the euploid biopsies (average ϭ 16.8%; range ϭ 5.0-35.7%).
Results were of similar quality for paraffin-embedded and fresh-frozen material, with the mean coefficient of variation (CV) of the G 1 ͞G 0 peak being 4.9 Ϯ 1.2 and 4.1 Ϯ 0.5, respectively.
LOH analysis was performed on DNA from 49 adenomas. Importantly, all of these lesions contained Ͻ40% contaminating normal tissue, and 27 had shown unequivocal LOH as the second hit at APC. We did detect LOH on other chromosomes in these adenomas, but at a low frequency: although 2 of 49 (4%) informative tumors showed LOH at markers on chromosome 15q, none of 48 (0%) showed LOH at markers on chromosome 18q. Our previously published data had shown evidence of LOH on chromosome 1p in 1 of 21 (5%) of these polyps (28) . No evidence of microsatellite instability (MSIϩ) was found at any marker in any polyp.
The extent of allelic loss on chromosome 5 was determined in 20 adenomas with LOH as the second hit at APC (Table 3) . Nineteen (95%) tumors showed LOH at all informative markers spanning chromosome 5q, with the minimal detectable region of allelic loss encompassing Ϸ20 Mb. The remaining tumor displayed a normal dosage at the telomeric marker D5S2117. In contrast, none of the 20 adenomas showed allelic loss at markers on chromosome 5p.
CGH analysis on five fresh-frozen tumors, two of which had been shown to be euploid by FCM, revealed normal CGH profiles (Fig. 2) . Interestingly, three of the polyps had shown LOH at APC, with allelic loss involving at least 20 Mb of chromosome 5q (Table 3) . One of these polyps had also shown LOH on chromosome 15q. Although the region of loss at 15q may have been below the resolution of CGH, the failure to detect a deletion of chromosome 5q is in accordance with our real-time quantitative multiplex PCR (RQM-PCR) results, showing that LOH at APC does not result from physical loss of material (unpublished data).
Discussion
Our results using a variety of experimental methods show that the majority of adenomas with two mutational hits at APC are diploid or near-diploid. Just 3 of 20 (15%) tumors displayed evidence of chromosomal (or karyotypic) instability as determined by FCM and CGH analysis, two being near-diploid and one being hypotetraploid. Three further samples showed normal DNA profiles by CGH analysis, indicating an absence of gross unbalanced karyotypic rearrangements. In our samples, CIN was not associated with the type of second hit (truncating mutation or LOH) at APC. One of the two near-diploid lesions showed an increase in the proportion of Ki-67-expressing cells, as compared with all euploid biopsies. Given that models of colorectal tumorigenesis predict increasingly aggressive features as tumors progress, it is likely that this tumor had become aneuploid as part of its progression rather than as a direct result of inactivation of APC.
Complementing these findings, we have previously identified two mutational hits at APC in near-diploid, microsatellite unstable (MSIϩ) colorectal cancer cell lines with only a few (Ͻ5) chromosomal rearrangements (2, 7, 29) . Two of these cell lines (LoVo and VACO5) harbored biallelic truncating APC mutations, and two showed a truncating APC mutation and LOH (DLD1 and GP2d͞GP5d).
Apart from at the APC locus, LOH was uncommon in our polyps, being found at a frequency of Ϸ5% at chromosomes 1p (28) and 15q, but being absent at chromosome 18q. In 20 analyzed adenomas, allelic loss at APC was associated with loss at markers on chromosome 5q but not 5p, with the minimal region of allelic loss encompassing Ϸ20 Mb. CGH analysis of three of these polyps, however, revealed no unbalanced chromosomal rearrangements. Together with our real-time quantitative multiplex (RQM)-PCR findings on colorectal adenomas showing that LOH at APC does not result from deletion of material (unpublished data), these data suggest that the molecular mechanism of allelic loss at APC is nearly always somatic recombination.
Our data are in agreement with a recent report by Haigis et al. (30) , who analyzed 18 colorectal polyps from Apc Min mice Like Shih et al. (25) , we found LOH at sites on chromosomes 1p and 15q in a minority of colorectal adenomas, although LOH occurred at a lower frequency in our sample (10% vs. 5% at 1p; 28% vs. 4% at 15q) and was not found on chromosome 18q (28% vs. 0%). It is unlikely that this difference is due to an increased amount of contaminating normal tissue, because 27 of our 49 tumors had previously been shown to have LOH at the APC locus. The probable explanation is partly chance, but also that the two studies used different methods (with different specificity and sensitivity) and analyzed tumors of different origin (from sporadic cases and FAP patients, respectively). We disagree with the view of Shih et al. (25) that the LOH results indicate that karyotypic instability is common in early colorectal adenomas. First, we found three only cases of aneuploidy͞polyploidy in 20 tumors analyzed by FCM and CGH analysis. Second, three polyps with detectable LOH were normal by CGH analysis. Third, we found that LOH at APC did not result from physical loss of material but probably from somatic recombination, inconsistent with Shih et al.'s (25) view that CIN precedes APC inactivation.
Our results do not support the hypothesis that APC mutations are selected for effects on chromosomal mis-segregation manifesting as karyotypic instability in early stages of colorectal tumorigenesis, although we cannot exclude a minor tendency to CIN. It is evident, moreover, that at least some near-diploid colorectal carcinomas have two mutational hits at APC. Thus, whereas APC may well have a role in interacting with, or perhaps controlling, the mitotic spindle, loss of this C-terminal function does not inevitably lead to spindle dysfunction and genomic instability, even in late lesions in which cell cycle checkpoints are likely to be deranged.
In summary, our data and earlier results (6, 7) [together with the findings of Haigis et al. (30) ] show that APC mutations are common in colorectal tumors because they provide cells with a direct selective advantage. The nature of that advantage remains largely unknown, but probably primarily involves changes in ␤-catenin levels. The APC protein may physically associate with components of the mitotic spindle, but its role, N-127  128a  NL  NL  NI  NI  LOH  LOH  LOH  LOH  NI  128b  NL  NL  NI  NI  LOH  LOH  LOH  LOH  NI  128c  NL  NL  NI  NI  LOH  LOH  LOH  LOH  NI  129  NL  NL  NI  NI  LOH  LOH  LOH  LOH  NI  130  NL  NL  NI  NI  LOH  LOH  LOH  NL  NI  131b  NL  NL  NI  NI  LOH  LOH  LOH  LOH  NI  131c  NL  NL  NI  NI  LOH  LOH  LOH  LOH  NI  131d  NL  NL  NI  NI  LOH  LOH  LOH  LOH  NI  N-907  3  NL  NL  LOH  LOH  LOH  LOH  LOH  LOH NI, noninformative; NL, no loss; -, no data. LOH at APC has been scored based on three markers in close proximity to the locus, D5S346, D5S656, and D5S421. if any, in chromosomal segregation is not yet characterized. The model cell systems previously used to study the association of APC with chromosomal mis-segregation are themselves prone to spontaneous changes in chromosome number and structure, even in the presence of wild-type APC (38, 39) . We cannot yet be certain whether or not APC mutations increase the tendency for chromosomal mis-segregation to occur in human tumors in vivo, but, if mutant APC does have this effect, its consequences do not generally manifest until later-stage tumorigenesis.
